Hair-follicle regression in the bald scalps of stumptailed macaques develops after puberty, which corresponds to an elevation of serum testosterone and dihydrotestosterone. Using the cultured cells from the pre-and postpubertal macaques, we examined the role of dermal papilla cells in testosterone-induced inhibition of outer root sheath cell proliferation. Testosterone showed no effects on proliferation of either dermal papilla cells or outer root sheath cells cultured alone. Testosterone-induced inhibition of outer root sheath cell proliferation occurred only in coculture with dermal papilla cells derived from the bald scalps of adult macaques but not with dermal papilla cells from the hairy occipital scalps of adult macaques or the prebald frontal scalps of juvenile macaques. Furthermore, RU 58841, an androgen receptor blocker, antagonized this testosterone-elicited inhibition. Together our data indicate that the inhibitory effect of testosterone on proliferation of epithelial cells is age dependent, and androgen may play an essential role in hair growth either by inducing repressor(s) from dermal papilla cells, which may then inhibit the growth of epithelial cells of the hair follicle, or by inducing growth factor(s) from dermal papilla cells, which, in turn, may trigger the induction of some repressors in epithelial cells, thereby inhibiting the epithelial cell growth. Our animal studies also showed that RU 58841 has a dramatic effect on hair regrowth in the bald frontal scalp of the stumptailed macaque, which may further support our in vitro culture studies showing that antiandrogens can antagonize testosterone-elicited hair growth. In summary, our studies may provide a model for further isolation of androgen-regulated repressor(s)/growth factors, which may help control hair growth and baldness. (Endocrinology 138: 356 -361, 1997) 
proliferation of epithelial cells is age dependent, and androgen may play an essential role in hair growth either by inducing repressor(s) from dermal papilla cells, which may then inhibit the growth of epithelial cells of the hair follicle, or by inducing growth factor(s) from dermal papilla cells, which, in turn, may trigger the induction of some repressors in epithelial cells, thereby inhibiting the epithelial cell growth. Our animal studies also showed that RU 58841 has a dramatic effect on hair regrowth in the bald frontal scalp of the stumptailed macaque, which may further support our in vitro culture studies showing that antiandrogens can antagonize testosterone-elicited hair growth. In summary, our studies may provide a model for further isolation of androgen-regulated repressor(s)/growth factors, which may help control hair growth and baldness. (Endocrinology 138: 356 -361, 1997) I N 1969, Oliver demonstrated that interaction of the dermal papilla cells on follicular epithelial differentiation is probably of the same nature as embryonic induction, continuing throughout life and maintaining the functional integrity of adult follicles (1) . Later, his colleagues demonstrated an inductive capacity of cultured dermal papilla cells implanted as pellets into the base of follicles from which the lower halves had been removed (2) . Yuspa et al. (3) demonstrated that dermal papilla cells have the ability to stimulate hair growth in grafts of follicular buds on nude mice. Furthermore, the mechanism of androgens on secondary hairs suggests that the dermal papilla cells derived from the beardhair follicle play an important role in stimulatory actions of androgens (4 -6) . The activities of 5␣-reductase are higher in cultured beard dermal papilla cells than in cells from the occipital scalp (7) . Similarly, dihydrotestosterone is known as a potent androgen for secondary hair growth as well as postpubertal growth of the prostate (8) . Depending on their sites, androgens have paradoxically different effects on human hair follicles. Androgens stimulate hair growth in many sites, such as the beard and pubic areas but can cause hair regression on the scalp in genetically disposed individuals (9) . The inhibitory actions of androgens using cultured dermal papilla cells derived from bald scalps have not been examined.
In human androgenetic alopecia, postpubertal elevation of testosterone seems to cause irreversible regression of hair follicles; prepubertal castration is known to prevent this androgenetic alopecia (10) . The alopecia in frontal scalps of postpubertal stumptailed macaques manifests a progressive follicular regression similar to human androgenetic alopecia, and treatments with antiandrogen drugs can prevent or reverse this epigenetic alopecia (11) (12) (13) (14) (15) .
In this study, we demonstrate testosterone-induced inhibition of proliferation of outer root sheath cells cocultured with dermal papilla cells derived from the bald frontal scalps of postpubertal macaques. We also examine the role of dermal papilla cells derived from the prebald frontal scalps of prepubertal macaques in testosterone-dependent inhibition of outer root sheath cell proliferation.
Materials and Methods

Animal subjects
Subject animals were male and female stumptailed macaques (Macaca arctoides), in the prepubertal (2 yr old, n ϭ 3) and postpubertal stage (5-15 yr old, n ϭ 16). Each animal was housed in our animal care facility (accredited by the American Association for Accreditation of Laboratory Animal Care).
Isolation and culture of dermal papilla cells and outer root sheath cells
Under anesthesia with ketamine hydrochloride (20 mg/kg, im), frontal and occipital scalp samples were obtained from pre-and postpubertal macaques using a 4-mm punch.
Dermal papillae were isolated from anagen hair follicles according to a recently reported method (16) . Because the dermal papillae from juvenile prebald and adult bald frontal scalp skins were smaller than those from the occipital scalp skin of adult macaques (Fig. 1) , the dermal papillae were isolated under a stereomicroscope at high magnification (ϫ180) and carefully collected by micropipette. Lengths of each dermal papilla from the dome, which is attached to the hair matrix, to the base of the dermal papilla from frontal and occipital scalps of pre-and postpubertal macaques were determined by taking photographs under a light microscope. The bald and prebald dermal papillae were transferred and cultured with DMEM supplemented with 10% charcoaltreated FBS (Sigma, St. Louis, MO), penicillin (100 U/ml), and streptomycin (100 g/ml). The dermal papillae explants attached to the plastic substrate within 7 days. Cells were subcultured after 0.1% trypsin treatment (usually 4 weeks after the beginning of primary cell cultures). The dermal papillae from the hairy occipital scalps of postpubertal macaques were also cultured and used as a control. The dermal papilla cells obtained from three different male and female macaques were used for each study.
For culturing outer root sheath cells, anagen hair follicles were dissected from the occipital skin of three different male and female macaques in the postpubertal stage and treated with 0.2% collagenase (Sigma) in DMEM for 30 min at 37 C to remove the connective tissue sheath. After rinsing with PBS without calcium and magnesium, the hair follicles were transferred into dishes and cultured with DMEM supplemented with 10% FBS, epidermal growth factor (10 ng/ml, Sigma), insulin (5 g/ml, Sigma), and hydrocortisone (0.5 g/ml, Sigma). On the fourth day, the medium was changed to keratinocyte growth medium (KGM) (Clonetics, San Diego, CA) containing epidermal growth factor (10 ng/ml), insulin (5 g/ml), hydrocortisone (0.5 g/ml), and bovine pituitary extracts (30 g protein/ml). The concentration of calcium in the medium was adjusted to 0.06 mm. After 2 weeks, the cells were dispersed with 0.02% EDTA and 0.1% trypsin treatment and subcultured. The cells were incubated at 37 C in a humidified atmosphere of air containing 5% CO 2 . Second and third passage cells were used in this study. For kinetic studies of dermal papilla cells, the cells were counted on days 1, 2, 3, 4, 5, and 7, using a hemocytometer chamber.
Coculture of dermal papilla cells and outer root sheath cells
Dermal papilla cells were inoculated at a density of 1 ϫ 10 4 cells/ well into type I collagen-coated multiplates (24 wells) (Corning, New York, NY) and cultured with DMEM supplemented with 10% charcoal-treated FBS. After a 24-h incubation, the medium was discarded and outer root sheath cells (1.5 ϫ 10 4 cells/well) were added with KGM without bovine pituitary extracts. Further, bald frontal dermal papilla cells from postpubertal macaques and outer root sheath cells were cocultured using transwells (Becton Dickinson, Bedford, MA) to determine which type of cell proliferation was stimulated by coculture or inhibited by testosterone. Some outer root sheath cells were cultured on the membrane of transwells coated with type I collagen and those were placed in the wells in which dermal papilla cells had been cultured on the bottom.
Effects of testosterone and an antiandrogen
Testosterone (Sigma) was dissolved in ethanol and diluted with DMEM or KGM at 10 Ϫ7 to 10 Ϫ10 m. A potent androgen receptor blocker, RU 58841 (17), was dissolved in ethanol and diluted with KGM at 10 Ϫ10 m. One day after attachment of dermal papilla cells to a dish, testosterone with or without RU 58841 was added to each culture. Cells were refed 3 days later and counted using a hemocytometer chamber, 7 days after cultivation of dermal papilla cells.
Effect of topical RU 58841 on hair regrowth
Nine stumptailed macaques (5-15 yr old, seven male and two female) were divided into three groups (three animals in a 5% RU 58841 group, three animals in a 0.5% RU 58841 group and three animals in a vehicle group). RU 58841 was dissolved in a vehicle solution consisting of 50% propylene glycol, 30% isopropanol, 2% isopropyl myristate, and 18% distilled water. Each animal in the above three groups received 0.5 ml topical applications of solutions in an approximately 50-cm 2 area of the frontal bald scalp once per day, 5 days per week for 18 months.
The effects of RU 58841 on hair regrowth as well as follicular enlargement were evaluated by monthly photographic recordings of the frontal scalp and micromorphometric analysis of follicular size and cyclic changes in biopsied scalp skin. Four-millilmeter punch biopsies of the frontal scalp were performed at 0, 6, and 11 months during the whole experimental period. Serial paraffin sections were cut from the specimens. After staining with hematoxylin and eosin, all hair follicles in each section were traced under a projecting microscope. Using a computerassisted image program, the follicular length, from the epidermal surface to follicular base, was measured and each hair follicle was defined according to their cyclic phases;telogen (resting), early anagen, late anagen (growing), and catagen (involuting). The histograms representing the proportional population and follicular size of each cyclic phase were made for analysis of the sequential changes of follicular transformation from the pre-to posttreatment stages, according to a previously reported method (12, 13, 15) . A conversion rate from short vellus to long terminal follicles was calculated from the histograms of 6-and 11-month treatments compared with that of the pretreatment stage.
Statistics
Results are presented as means Ϯ sem. All experiments were analyzed using Student's t test for paired samples. Differences of P Ͻ 0.05 were regarded as significant.
Results
The mean length from the dome to the base of prebald frontal dermal papilla (81.2 Ϯ 3.7 m, n ϭ 12) was almost the same as that of the occipital dermal papilla (84.0 Ϯ 4.4 m, n ϭ 12) from three different macaques in the prepubertal stage whereas the length of bald frontal dermal papilla (75.0 Ϯ 5.2 m, n ϭ 12) was shorter than that of the occipital dermal papilla (153.1 Ϯ 4.8 m, n ϭ 12) from six different macaques in the postpubertal stage. (Table 1 ). The total number of outer root sheath cells cocultured with either type of dermal papilla cells increased by more than the sum of the number of dermal papilla cells and outer root sheath cells cultured alone. Testosterone (10 Ϫ10 m) significantly decreased the total number of bald frontal dermal papilla cells and outer root sheath cells in coculture. RU 58841 antagonized this testosterone-elicited inhibition. By contrast, the total cell numbers in cocultures of prebald frontal or occipital dermal papilla cells and outer root sheath cells were not affected by testosterone. Testosterone (10 Ϫ10 m) had no effect on proliferation of outer root sheath cells cultured alone. Table 2 shows that the number of outer root sheath cells was increased by coculture with dermal papilla cells compared with that of outer root sheath cells cultured alone (see Table 1 ). Testosterone (10 Ϫ10 m) inhibited this stimulation. By contrast, the number of dermal papilla cells was not affected by coculture or testosterone.
In the photographic views of the frontal bald scalp, all three animals treated with 5% RU 58841 showed a dramatic effect of hair regrowth as early as 2 months after treatment. All animals showed a remarkable increase of hair density and length at 4 months after treatment with 5% RU 58841 compared with the pretreatment time (Fig. 3, a and b) . The progressive effects of hair regrowth, namely increased length and thickening of the caliber of individual hairs, were continuously observed for 6 -7 months in three animals. Thereafter, these regrown terminal hairs were maintained Dermal papilla cells and/or outer root sheath cells (ORSC) with or without testosterone (T; 10 Ϫ10 M) and/or RU 58841 (R; 10 Ϫ10 M) were cultured alone or cocultured. Cells were counted 7 days after the start of cultivation. Each value is the mean Ϯ SEM of the cell numbers (ϫ10 4 ) in three separate experiments performed in duplicate using three different male and female animals. Transwells with outer root sheath cells (ORSC) were placed in the wells in which bald frontal dermal papilla cells (bFDPC) from the postpubertal macaque had been cultured on the bottom. Testosterone (T; 10 Ϫ10 M) and/or RU 58841 (R; 10 Ϫ10 M) were added one day after cultivation of bFDPC. ORSC and bFDPC were separately counted 7 days after cultivation of bFDPC. Each value is the mean Ϯ SEM of the cell numbers (ϫ 10 4 ) in three separate experiments performed in duplicate using three different male and female animals.
a Value significantly different (P Ͻ 0.001) from the control value.
throughout the period of treatment. The effect of 0.5% RU 58841 on hair regrowth (Fig. 3, c and d ) was much weaker than that of 5%. The hair density increased a slight degree in all three animals and a maintenance of the hairiness was observed throughout the treatment period. The vehicletreated group showed no signs of hair regrowth during the entire treatment period (Fig. 3, e and f) , though occasional mild thickening of hairs was observed in one animal. Further micromorphometric analysis showed that 5% RU 58841 enhanced not only a conversion rate from vellus to terminal follicles but also a population of anagen hair follicles. The 5% RU 58841 group had a 67% increase at 6 months and a 33% increase at 11 months after treatment in an average conversion rate. A 0.5% RU 58841 group showed an 80% decrease at 6 months and a 36% decrease at 11 months after treatment in an average conversion rate. A vehicle group exhibited a 15% decrease at 6 months and a 20% decrease at 11 months in an average conversion rate.
Finally, our physiological and laboratory examinations showed there were no significant abnormal values in the measurements of body weight, serum levels of testosterone, dihydrotestosterone, and LH, and hematological and blood chemistry examinations in all animals in all experimental groups.
FIG. 3.
Photographs showing effects of topical RU 58841 on hair regrowth in the bald frontal scalps of the stumptailed macaques. Increased density and length of hairs were observed in a scalp at 4 months after treatment with 5% RU 58841 (b) compared with the scalp at the pretreatment time (a). A slight increased density of hairs was noticed in a scalp at 4 months after treatment with 0.5% RU 58841 (d) compared with the scalp at the pretreatment time (c). A vehicle-treated scalp showed no signs of hair regrowth (e, at the pretreatment time and f, at 4 months).
Discussion
Androgens are potent regulators of human hair growth in males and females. Hair follicles distributed in specific regions of the body appear to have an inherited susceptibility for androgen-dependent growth. Androgen receptors (AR) have been immunocytochemically (18, 19) and biochemically (20) detected in the hair follicles of human skin. Furthermore, the method for culturing hair follicles including the outer root sheath cells and dermal papilla cells has been established (16, 21, 22) . Specific AR have been detected in dermal papilla cells; levels are higher in cells from beard follicles than in cells from normal scalps (5, 6) . Cultured dermal papilla cells derived from beard hair follicles have the ability to induce a testosterone-dependent proliferation of cocultured outer root sheath cells (4) . In men with a trait for baldness, postpubertal elevation of testosterone causes irreversible regression of the scalp hair follicles (10) . A similar epigenetic phenomenon has been observed in the frontal scalps of adult stumptailed macaques (14) . In our in vivo studies of the macaques, finasteride (a type II 5␣-reductase inhibitor) (15) and RU 58841 (an androgen receptor blocker), stimulated hair growth (Fig. 3) . Our micromorphometric analysis also showed that a sufficient dose (5%) of RU 58841 caused vellus hair follicles to regrow into terminal hair follicles and increased the population from telogen to anagen hair follicles, indicating a result of increased density and length of hairs from the photographic views. These studies indicate that stumptailed macaques are a pertinent model for human androgenetic alopecia.
Our data suggest that bald frontal dermal papilla cells play an important role in inhibitory actions of testosterone on proliferation of outer root sheath cells. Table 1 , however, also indicates that bald frontal dermal papilla cells cocultured without testosterone can stimulate proliferation of outer root sheath cells. One potential explanation is that this may be due to the secretion of some soluble mitogenic substances from dermal papilla cells. The involvement of these soluble substances produced by dermal papilla cells derived from hair follicles in other body sites has been demonstrated in in vitro studies (23) (24) (25) .
Although the soluble mitogenic substances remain unknown, several possible mechanisms might explain this apparent testosterone-dependent inhibition. Testosterone can bind to AR after diffusing through the plasma membrane; it can also be metabolized intracellularly by 5␣-reductase to 5␣-dihydrotestosterone, which can also bind and activate the AR (26) . One possibility is that the androgen-AR complexes may directly repress the production and/or secretion of soluble mitogenic substances. Another possibility is that new inhibitory substances may be induced by androgen-AR complexes in bald frontal dermal papilla cells which may then inhibit proliferation of epithelial cells of hair follicles. Yet another possibility is that androgen may induce growth factor(s) in dermal papilla cells that can then trigger an induction of some inhibition of epithelial cell proliferation. Either way, the androgen-induced repressor(s) or androgen-repressed growth factors in dermal papilla cells appear to play an essential role in hair growth/baldness.
Interestingly, dermal papilla cells derived from the prebald frontal scalps of juvenile monkeys exhibited no testosterone-induced inhibitory actions on outer root sheath cell proliferation. Our data, therefore, support the hypothesis that the development of baldness in stumptailed macaques is an age-dependent phenomenon (11) . Most male and female animals begin to show early signs of baldness after age 4, which corresponds with sexual maturity (11) and the postpubertal elevation of serum testosterone (14) . Together, the present study suggests that the role of dermal papilla cells in the inhibitory action of testosterone on the epithelial cells can be linked to hereditary factors, and the elevation of serum testosterone to adult levels after age 4 may be able to initiate and promote genetic programming of the frontal dermal papilla cells. This study is comparable with the earlier study indicating that castration before or after puberty prevents the induction or further development of baldness in the absence of exogenous testosterone and suggesting that continued exposure to androgens may be required in hair follicles to cause an alteration in gene expression (10) . Our study also revealed differences in biological characteristics between prebald and bald dermal papilla cells, even when those cells were cultured alone. First, the doubling time of bald frontal dermal papilla cells was longer than that of prebald frontal dermal papilla cells. Second, bald frontal dermal papilla cells subcultured more than five times no longer proliferated, but prebald frontal dermal papilla cells could be subcultured at least seven times (data not shown). These two characteristics might be the results of genetic factors as well as of testosterone. The mean size of bald frontal dermal papillae is approximately half that of occipital dermal papillae from the postpubertal macaques, although the mean size of prebald dermal papillae is the same as that of occipital dermal papillae from prepubertal macaques. Androgens may gradually decrease the size of frontal dermal papillae after puberty. The dermal papilla from the beardhair follicle is reported to be much larger than that from the scalp-hair follicle, suggesting that androgens increase the dermal papilla size (5) . The difference in size of occipital dermal papillae between prepubertal and postpubertal macaques seems to result from growth of the animal bodies themselves according to their age.
This in vitro study also reconfirms that the frontal hair follicle of stumptailed macaques is an androgen-dependent organ, showing direct effects of testosterone on epithelial cells cocultured with bald frontal dermal papilla cells. Other androgen-regulated factors may be isolated in further studies. To the best of our knowledge, this is the first paper demonstrating the inhibitory effect of testosterone on the proliferation of outer root sheath cells cocultured with dermal papilla cells derived from the bald frontal scalp.
